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Native Vacancy Enhanced Oxygen Redox Reversibility
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Zhaoxiang Wang,* and Liquan Chen

Cathode materials with high energy density, long cycle life, and low cost are of
top priority for energy storage systems. The Li-rich transition metal (TM)
oxides achieve high specific capacities by redox reactions of both the TM and
oxygen ions. However, the poor reversible redox reaction of the anions results
in severe fading of the cycling performance. Herein, the vacancy-containing
Na,7[Mng;7(0vn)1/7102 (Oun for vacancies in the Mn—O slab) is presented
as a novel cathode material for Na-ion batteries. The presence of native
vacancies endows this material with attractive properties including high
structural flexibility and stability upon Na-ion extraction and insertion and
high reversibility of oxygen redox reaction. Synchrotron X-ray absorption near
edge structure and X-ray photoelectron spectroscopy studies demonstrate
that the charge compensation is dominated by the oxygen redox reaction and
Mn3*/Mn* redox reaction separately. In situ synchrotron X-ray diffraction
exhibits its zero-strain feature during the cycling. Density functional theory
calculations further deepen the understanding of the charge compensation
by oxygen and manganese redox reactions and the immobility of the Mn

ions in the material. These findings provide new ideas on searching for and
designing materials with high capacity and high structural stability for novel
energy storage systems.

1. Introduction

Energy storage systems (ESS) that are
cost-effective and capable of running
stably for years or decades are key to the
large-scale application of the intermittent
renewable energy resources. For most of
the transition metal (TM) oxide cathode
materials, charge compensation is realized
by the reduction and oxidation of the TM
ions during the electrochemical cycling.
However, oxygen evolution prior to the
full oxidation of the TM ions is often una-
voidable due to the strong O-p/TM-d cova-
lent hybridization.ll Recent studies show
that enhancing the strength of the TM—O
bonds can stabilize the oxygen, which in
turn helps to break through the bottle-
neck and achieve a higher capacity, as is
expected for the Li-rich layered oxides.?]
However, the long-term reversibility of
the oxygen redox reactions remains chal-
lenging though such reactions are really
attractive. Oxygen oxidation was reported
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in layered oxides, but is usually accompanied with generation
of oxygen vacancies and resultant migration of the TM ions.B!
Such structural instability results in poor electrochemical perfor-
mances including fast capacity decay and severe voltage fading !l
Tarascon and co-workersP! proposed LisIrO4 as a new cathode
material that can reversibly uptake or release 3.5 electrons per
Ir™* ion, close to the limit of the oxygen redox. Nevertheless, this
material is unstable against O, release upon removal of the Li
ions. Lu and co-workers!® recently reported antifluorite Li,FeOs
as a novel cathode material, in which reversible redox reactions
occur on both the anion and the cation with no obvious oxygen
release between 1.0 and 4.7 V. However, significant structural
transformation takes place during its initial charging. More
recently, we stabilized the structure of Li- and Mn-rich layer-
structured Li; ;M1 54Nig13C00130; (0.5Li,;MnO5-0.5LiNi; ;3Coy 3
Mn; 30,) by deactivating the surface oxygen by surface doping
(=5 atomic layers) of Nb>*, Ti*, and Zr*" ions.’l Except for
the hybrid charge compensation by the TM and O, Li and co-
workers!®l presented an exclusive anion redox reaction of nanolithia
(Li;04>Li;0,¢>Li0,) in porous Co;0,. With the catalysis of the
porous Co30y, a discharge capacity of 587 mAh g~! was obtained
with stable cycling performance, illustrating the feasibility of
oxygen redox for obtaining high-capacity cathode materials.

A robust structure with the fewest phase transitions is cru-
cial to maintaining the cycling reversibility, especially when
the oxygen redox reactions are involved. The other prerequi-
site to have a long cycle life is to confine the volume change
of the electrode material, especially in the “rigid” solid-state
batteries. In this sense, zero-strain materials are ideal for a bat-
tery electrode. The spinel Li, TisO,, that experiences a series of
phase transitions between Li TisO;, and Li;TisO, but with
a volume change of less than 0.2-0.3% is a good example of
such, ensuring its excellent stability for as long as thousands
of cycles.'% To date, a number of zero-stain electrode mate-
rials have been reported, including P2-Nay 4¢[Lig ;i 75]O, and
Na;V(PO;);N upon Na extraction or insertion.!'!] However, the
specific capacity of these materials is low. Hunting for zero-
strain materials with high specific capacities is critical, espe-
cially for the cathode materials in which sodium (Na) or other
large ions are extracted or inserted.

Na-ion batteries (NIBs) are regarded as a promising alterna-
tive to the Li-ion batteries (LIBs) in energy storage. In addition
to the abundance of element Na, the TM with rich reserves
can further decrease the cost of the ESS. Manganese (Mn)-
based oxides are the ones and have been paid much attention
in the past decades.'?l To date, 03-NaMnO,, P2-Na,;MnO,,
and tunnel-type Nag,MnO, have been extensively studied.
It was reported that O3-NaMnO, delivers a specific capacity
of 200 mAh g! but undergoes complicated phase transitions
and fast capacity fading in the subsequent cycles.’] There is
severe Jahn-Teller distortion in the structure of P2-Na,;MnO,
due to the presence of the Mn?** ions.'¥ As for the tunnel-
type Nag4MnO,, the Mn?*' ions on the square-pyramidal
sites cannot be oxidized to Mn*", resulting in a low specific
capacity.” Thus, none of the above mentioned materials can
meet the requirements of the ESSs to their cathode materials.

This article presents layer-structured vacancy-containing
Nay/7[Mng7(0ym)1/7]02 (O for vacancies in the Mn layer) as
a state-of-the-art cathode material for high performance NIBs.
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When it is cycled between 1.5 and 4.4 V versus Na*/Na, a revers-
ible capacity up to 220 mAh g! is obtained. With the native
vacancies in the [Mng;(0ym)1/7]0, slabs, it shows negligible
structural changes upon wide voltage-span cycling and during
rigid oxygen redox reaction. Synchrotron X-ray absorption near
edge structure (XANES) and X-ray photoelectron spectroscopy
(XPS) studies demonstrate the charge compensation by the
oxygen redox between 2.3 and 4.4 V and by the Mn*"/Mn*
redox between 1.5 and 2.3 V. The Raman spectroscopy, aber-
ration-corrected scanning transmission electron microscopy
(STEM), and extended X-ray absorption fine structure (EXAFS)
demonstrate the high structural flexibility and stability of the
[Mng7(0pn)1/7]0, slabs when 0.76 Na* ion per formula unit
(Na f.u.}) is repeatedly extracted or inserted. Density functional
theory (DFT) calculations explain the immobility of the oxygen
and manganese ions during charge compensation. These find-
ings provide new ideas on hunting and designing novel cathode
materials with high capacity and structural stability for the NIBs
and other high-energy-density secondary batteries.

2. Results and Discussion

The Nay;[Mng;(Own)1,7]0; was synthesized by the solid-state
reaction. X-ray diffraction (XRD) reveals that the as-prepared mate-
rial is a phase-pure Nay;[Mng;(Oym)1/7]0, (PDF index 78-0193;
Figure 1a). Its edge-sharing MnOg octahedrons build up the
[Mng7(0n)1/7]0; slabs, between which are located the Na ions in
the form of NaOg polyhedrons (Figure 1b). More importantly, peri-
odic Oy, vacancies are contained in the [Mng;(0ym)1,7]0; slabs
(Figure 1c). These features ensure its structural flexibility, which,
in turn, enhances the structural stability when a large number
of Na ions are inserted or extracted. In addition, this material
is found very stable in air for as long as 12 months (Figure S1,
Supporting Information), though its particles are rather small
(=50 nm in size) and well dispersed from the scanning electron
microscopy (SEM) (Figure S2, Supporting Information).

When a  Nays[Mng;7(Opm)1/7]0,/Na  cell was  charged
to 44 V from the open-circuit voltage (OCV) (=2.75 V),
Nays[Mng7(Oym)1/7]0, delivers a capacity of 96 mAh g,
corresponding to the extraction of about 0.33 Na fu.”!. The
corresponding voltage profile starts with a gentle slope and is
followed with a plateau at 4.2 V (Figure 1d). Since the valence
of the Mn ions in Nay/7[Mng7(0ym)1/7]0; is +4, the charge com-
pensation accompanying the Na-ion extraction at high voltage
is supposed to be realized by the O%~ oxidation, similar to that
in the Li-rich oxide cathode materials for the LIBs.'l However,
different from that of the Li-rich oxides, the plateau at the high
voltage remains there in the subsequent charge processes.
Actually, the voltage profile of the initial charge can completely
overlap with that of the 2nd charge (by simple translation in
Figure 1d). These imply that the oxidation of the material and
its structural variation are reversible.

Cyclic voltammetry (CV) was recorded to identify the
possible redox reactions (Figure S3, Supporting Information).
Consistent with the voltage profiles, two strong anodic peaks
appear around 2.2 and 4.2 V, corresponding to the oxidations of
Mn?** to Mn** and 0% to O, respectively, as will be clarified
in the following discussion.
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Figure 1. a) XRD pattern of the as-prepared Nay/;[Mng;;(0un)1/7]02. Schematic structure b) perpendicular to and c) along the (-=110) direction.
d) The voltage profile of Nay;;[Mng/7(0un)1/7]10; initially charged to 4.4 V and then cycled between 1.5 and 4.4 V. e) The cycling performance of

Nay/7[Mng;7(0un)1,7]02 between 2.3 and 4.2 V.

2.1. Structural Evolution and Charge Compensation

In situ synchrotron XRD (A = 0.1174 A) was applied to recog-
nize the structural evolution of Nay;[Mng/;(0yy)1,7]0, upon
Na-ion extraction and insertion. When the cell is charged to
4.4 V and then discharged to 1.5 V, the XRD patterns at dif-
ferent voltages seem the same and no new peak appears
(Figure 2). The (—110) peak shifts =0.03° (26) toward the higher
angle at the end of the initial charge, corresponding to a con-
traction of 0.01 A of the interlayer distance between the two
[Mng7(0nn)1/7]0; slabs. This is similar to the abrupt structural
variation of the typical layered oxide LiNijgCoyg 15Al5 050, when
its lattice oxygen is oxidized at =4.0 V versus Li*/Li.l'’] In the
subsequent discharge process, this diffraction first shifts to
the lower angle and then goes back to the higher angle (total
angle shifting =0.06°). This shifting is so trivial that it cannot
be detected by the conventional XRD using the Cu Ka line
(A = 1.54 A) (Figure S4, Supporting Information). The slight
difference between these two X-rays is attributed to the higher
quality (lower dispersion and higher collimation) and higher
reciprocal space resolution of the synchrotron X-ray. Therefore,
the structural variation of Nay;[Mng;(0m)1/7]0, is negligible
in the whole process, beneficial for enhancing its structural sta-
bility upon repeated cycling.

Advanced aberration-corrected STEM was employed to
reveal the structural evolution upon Na extraction and inser-
tion at the atomic scale both in high-angle annular dark-field
(HAADF) and annular bright-field (ABF) methods. The typical
layered structure and the native vacancy in the Mn—O slabs
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(Figure 3a,b) of the as-prepared Nay;[Mng;(Cyn)17]0, are
clearly observed, with the Na ions in the interlayer between
the [Mng7(0n)17]0, slabs (Figure 3c.d). The interlayer dis-
tance is measured to be 5.5 A according to the line scan
intensity profile in the direction perpendicular to the layer
(Figure S5, Supporting Information). None of the following
processes can change the structural skeleton or the interlayer
distance of this material, extraction of 0.33 Na fu.”? (charged
to 4.4 V, approximately Nag,4[Mng;(0hm)1/7]02; Figure 3e.f),
reinsertion of 0.76 Na fu.! (discharged to 1.5 V after
initially charged to 4.4 V, approximately Na; o[Mng;;Na;;]0,),
or initial insertion of 0.43 Na ion (directly discharged to
1.5 V, approximately Na[Mng;Na; ;]O,; Figure S6, Supporting
Information). These observations demonstrate the negligible
structural changes of Nay;[Mng;(0yp)q7]0; during cycling,
consistent with the in situ XRD results. The contrast of the Na
ions in the Na layer decreases slightly after charge (Figure 3e,f)
and increases after discharge (Figure 3gh), corresponding
to the extraction/insertion of the Na ions from/into the inter-
layer, respectively. In addition, no Mn-ion migration or surface
reconstruction is observed (Figure S7, Supporting Informa-
tion), different from the case of the Li-rich oxide materials.!'®!
This is important in keeping the surface structure and avoiding
any irreversible surface-to-bulk propagation of the struc-
tural degradation, which lead to irreversible delays of specific
capacity and discharge voltage. A combination of the XRD and
STEM results demonstrates the excellent structural stability
of Nay;[Mng;(0ym)1/7]0; both in the bulk and on the surface
upon Na extraction and insertion.
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Figure 2. a) In situ synchrotron XRD (A =0.1174 A) patterns for Nay/7[Mng,7(0mn)1,7102 upon Na-ion extraction and insertion, the zoomed-in (~110)
diffraction during b) charge and c) discharge.
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Figure 3. The a,c,e,g) HAADF and b,d,f,h) ABF images of Nay;;[Mng;;(0un)1/7]0; at various states: as-prepared (a—d), charged to 4.4 V (e and f), and
charged to 4.4 V and then discharged to 1.5 V (g and h). The red, yellow, and pink balls in (b) represent the oxygen, sodium, and manganese atoms,
respectively. The scale bar in each panel represents 1.0 nm. The zoom axis for (a and b) and (c-h) are [001] and [-110], respectively.
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Figure 4. Evolution of the a,b) XPS, c) Mn K-edge XANES, and d) EXAFS spectra of Na,;;[Mng;;(Cun)1/710; at various charge/discharge states.
e) The different bond lengths for the fitted EXAFS spectrum: red circles for Mn—Ogpoq, blue circles for Mn—0y,, red squares for Mn—Mng,,, and

blue squares for Mn—Mnj,pg.

The charge compensation mechanism was explored by XPS
and synchrotron X-ray absorption spectroscopy (XAS). The
spectra of Mnj;, (Figure 4a) and Mn,, were combined to rec-
ognize the Mn oxidation since the signal-to-noise ratio of the
Mn,, spectrum (Figure S8, Supporting Information) is not
high enough and the presence of its satellite peaks disturbs
the analysis. The Mn;, peak splits into two components due to
the coupling of the nonionized 3s electrons with the 3d valence
electrons. The splitting (energy difference of these two compo-
nents, AE) was used to diagnose the oxidation state of the Mn
ions. The splitting in the as-prepared Nay;[Mng;(Cwn)1/7102,
AE = 4.8 eV, well matches that of the Mn** ion.['?l No obvious
changes of splitting are observed when Na,;[Mng7(0u)1/7102
is initially charged to 4.4 V and then discharged to 2.3 V. This
means that the Mn*" ions do not contribute to the charge com-
pensation in this process. On the contrary, a new component
emerges at 531.5 eV (the green peak) in the O;¢ spectrum of
the sample charged to 4.2 V. This component is assigned to the
0=~ species (Figure 4b). The content of the O~ species
increases from 7.12% to 30.07% when Na;;[Mng;(Chm)1/7]0,
is further charged from 4.2 to 4.4 V, suggesting that the plateau
at around 4.2 V in Figure 1d corresponds to the O~ oxidation.
In the subsequent discharge process (discharged to 2.3 V),
the newly emerged component disappears while the splitting
of the Mnjs, spectrum increases to AE = 5.2 eV, corresponding
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to the formation of Mn3*.2% Therefore, the plateau at 2.2 V in
Figure 1d is assigned to the Mn**/Mn*" redox reaction.

The charge compensation and structural evolution of
Nay/7[Mng7(0umy)1/7]0; upon Na extraction and insertion are
verified by XAS. As the cell is charged from 2.3 V (the OCV)
to 4.4 V, the Mn K-edge in the XANES (Figure 4c) tilts slightly
without any detectable shifting, illustrating that Na extrac-
tion does not change the chemical state of the Mn ion; it only
induces some slight variation in the coordination environment
of the Mn ions. These are consistent with the above XPS results,
indicating the inertness of the Mn ions to the charge compen-
sation above 2.3 V. As the Na ions are inserted (discharged to
1.5 V), the Mn K-edge shifts to the lower energy, indicating the
reduction of the Mn ions.

The EXAFS was obtained by Fourier transformation (FT) of
the XAS spectrum and employed to find out the coordination
environment around the Mn ions and to clarify the structural
evolution of Nay;[Mng7(Cym)1/7]0, during cycling (Figure 4d).
No significant changes are found in the Mn—O bond length
during cycling between 2.3 and 4.4 V. Some static ordering/
disordering is observed in the 1st shell (Mn—O) and the 2nd
shell (Mn—Mn). Due to the structural deformation of the
fresh Nay;7[Mng;(0ym)1/7]0, and the presence of the native
vacancies in the [Mng;(0ym)1/7]0, slabs, the EXAFS peaks
are asymmetric. This implies that all the Mn—0O or Mn—Mn

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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bonds do not have the same length, different from that of, for
example, the O3-type layered structures. Actually, there are six
different Mn—0O bond lengths and five different Mn—Mn bond
lengths for the Pl-type Nay;[Mng/;(0ym)1/7]0,. A simplified
structure model with two different bond lengths (both Mn—0O
and Mn—Mn) was used to fit the EXAFS data (Figure S9,
Supporting Information). The fitting quality is quite satisfac-
tory (the R-factor is shown in Figure S10 in the Supporting
Information). As expected, no obvious changes are observed
in the bond length. The Mn—O bonding has higher degree of
ordering than the Mn—Mn bonding, as smaller changes of the
Debye-Waller factor than those for the Mn—Mn bond were
obtained by the EXAFS fitting (Figure S10, Supporting Infor-
mation). Slight changes of the FT magnitude is also shown in
Figure 4d, corresponding to the variation of the coordination
number. Tiny increase or decrease of the FT magnitude of
the Mn—0O, Mn—Mn, and Mn—Na shells indicates the slight
changes of the coordination environment for Mn.

Insensitive to the crystallinity of a material, Raman scat-
tering was undertaken to characterize the structural evolution
of Na, 5[Mng7(Oyn)1/7]0, upon cycling (Figure S11, Supporting
Information). The Raman peak at 638 cm™ is attributed to the
symmetric Mn—O stretching in the MnOg slab (the v; or A;, sym-
metric mode in the C3, space group). Its position remains there
throughout the charge and discharge processes. The 580 cm™
band is assigned to the Mn—O stretching in the basal plane of
the [MnOg] slab (v;). It is usually related to the Mn** ions in the
layered birnessite material.l?!l Its position also keeps unchanged
throughout this process until the sample is discharged to 1.5 V.

It deserves noticing that the Raman spectrum of the sam-
ples charged or discharged to 2.3 and 2.5 V, two states closest
to the fresh Nay ;[Mng7(0ypn)1/7]O2, is very similar to that of the
as-prepared Nay;[Mng;(0yn)1/7]O, in position and in relative
intensity. This means that the structure of the material restores
after complicated and different charge/discharge processes.
Therefore, the Raman spectroscopic study indicates that no sig-
nificant structural changes occur and the structural changes are
reversible, upon cycling of the material between 2.3 and 4.4 V,
in good agreement with the XRD results.

2.2. DFT Calculations

DFT calculations were carried out to understand the structural
stability and the charge compensation of Nay;[Mng;(Cyn)17)
O,, especially for the reversible oxygen redox reactions, during
the Na-ion extraction and insertion. On the basis of the calcu-
lated formation energy hull, we can derive the configurations
of Nay7,,Mng;,0, (-4/7 < x < 4/7) at different sodiation/deso-
diation states (Figure S12, Supporting Information). It is found
that the vacancy sites in the [Mng;(0my)1/7]0; slab tend to be
occupied by the Na ions once x > 0. This is beneficial for real-
izing a high capacity, thanks to the more available active sites.
Impressively, the structure integrity remains even when all the
active sites are occupied.

Analysis to the spin charge shows that the valence of the
Mn ion is +4 in Nays[Mng;(Oym)1/7]0, and remains +4 during
charging (x < 0 in Nag7,[Mng;(Oyyn)q7]02 Figure S13a,
Supporting Information). On the contrary, the Mn*" ions
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are reduced to Mn’*" as the Na ions are inserted (x > 0 in
Nay 7, {Mng7(0Owmn)1,7]0,; Figure S13b, Supporting Informa-
tion). These results agree well with the above XPS and XANES
analyses.

The O,, orbitals predominantly contribute to the density of
states (DOS) near the Fermi level of Nay;[Mng/;(0wmn)1/7102
and lose electrons as the Na ions are extracted (x < 0 in
Nay 7, {Mng7(0Owmn)1,7]0,; Figure 5a). This demonstrates that it
is the oxygen that compensates for the charge change during
Na extraction. Analysis of the charge distribution in two
ranges, —0.45-0.0 and —0.75-0.0 eV of the Fermi level, further
shows that it is the oxygen around the vacancies (configura-
tion O—0Oy,—O) that contributes to the charge compensation
(Figure 5Db,c). Ceder and co-workers?? reported Li—O—Li con-
figuration in the oxygen coordination with four Li ions and two
Ni ions for LiNiO,. In consistence with their report, we observed
a significant O,, contribution to the charge compensation in
O—0Oy;, configuration. With this, we believe that the vacancies in
the [Mng7(0yn)1/7]O; slabs introduce lone-pair electrons for the
Oy, raising its energy above the antibonding orbital t,,, which is
a hybridization of O,, and Mn;q. Therefore, oxygen in the config-
uration of O—Mn—O will be oxidized during Na-ion extraction.

New hybridized states consisting of Mnsq and O, orbitals
appear near the Fermi level once the Na ions are inserted (from
x =0 to x = 2/7), due to the presence of the Mn*" ion. With
more Na ions inserted, the number of the hybridized state
increases (Figure S14, Supporting Information). As more Na
ions are inserted, the number of the hybrid states increases
(Figure 3b), indicative of continuous reduction of the Mn*" ions
(Mn*" — Mn?3*), echoed by the instead increase of Mn*" ions from
the spin charge analysis (Table S1, Supporting Information).

The high electrochemical reversibility and structural stability
of Nay;7[Mng;(0un)1/7]0, between 1.5 and 4.4 V (Figure 1)
can be well explained with the calculated energy barrier for
the Mn-ion migration. Figure 5d shows that the energy bar-
rier of Mn migration is over 4.0 eV for Nay;[Mng;(0wn)1,7]
O,. This actually demonstrates the impossibility for the Mn
ions to migrate into the Na layer and the structural stability
of Nay7[Mng7(0my)1,7]0, upon Na-ion extraction. The energy
barrier is still as high as 2.8 eV even when 2/7 Na is extracted
(Nay7[Mng/7(Oyin)1/710,), close to the state when ~0.33 Na fu.™!
is extracted from Nay;[Mng/;(0yn)1/7]02 (charged to 4.4 V;
Figure 5e). These explain the STEM observations that no Mn
ions are detected in the Na layer (Figure 3ef) and the struc-
ture remains unchanged when the Na ions are extracted
(Nag/7[Mng/7(Owmn) 177102 = Nay7[Mng7(Din)1/7]02)-

Figure S15 (Supporting Information) schematically dis-
plays the structural evolution of Nayy [Mng/;(0wmn)1/7102
on the basis of the DFT calculations, verifying the stable lay-
ered structure (Figure S15a, Supporting Information) and the
Mn—O bond lengths (Figure S15c, Supporting Information).
Figure S15b (Supporting Information) further indicates that the
vacancies in the [Mng;(0ym)1/7]O; slabs remain there during
Na-ion extraction. Figure S16 (Supporting Information) sum-
marizes the calculated Mn—O and Mn—Mn bond lengths at
various Na extraction states, demonstrating the stability of the
[Mng7(Blmn)1/7]O; slabs.

Although we cannot directly correlate the presence of the
vacancies in an oxide material with the migration energy
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Figure 5. a) DOS of Nay7,,[Mng;]O; at various charged states (x < 0). The Fermi level is set to zero. The charge distribution of electrons with energy
b) from —0.45 to 0.0 eV and c) from —0.75 to 0.0 eV in Nay;;Mng;;0,. The number of electrons is about 1/7 for the former and 2/7 for the latter on
the basis of DOS. The purple, red, and gray balls represent the Mn ions, O ions, and O vacancies, respectively. The yellow contour around the O ions
represent the charge distribution. d) The dependence of the total energy on the z-coordinate of the Mn ion in Nay;;[Mng7(Oun)1/710; and e) the energy
barrier of Mn migration into Na layer in Na,;7[Mng7(Cyn)1/7]0,- f) Calculated distribution of the probability density, g) the possible migration pathways
of the Na ions, h) the mean square displacement (MSD) projected along different directions in Nag;[Mng;;(Cun)1,7102 at 2000 K, and i) the energy

barriers of Na migration along the favorable pathway.

barrier of its transition metal ions, a simple comparison of
the migration energy barrier between some popular vacancy-
free cathode materials and the present vacancy-containing
Na,7[Mng7(0py)1/7]O; indicates that the migration energy bar-
rier of the transition metals in the former is much lower than
in the latter (Table S2, Supporting Information). Therefore,
we believe that the presence of the vacancies makes the struc-
ture more stable and flexible upon extraction and insertion of
large amounts of the alkali metal ions. In contrast, the struc-
ture of the [Mn,3Li; ;3]0 slab is rigid and Mn migration and O,
release often occur in the vacancy-free Li,MnOj3-based Li-rich
oxide materials.

Finally, we perform first-principle molecular dynamics
simulations to examine the transport of Na ions in
Na,7[Mng7(Oy)1/7]0,. The distribution probability density of
the Na ions shows that they prefer to diffuse in the ab-plane as
opposed to the normal direction (Figure 5f). The mean square
displacement (MSD) in the three directions reveals that the
MSD in the b-direction is much larger than that in the other
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two (Figure 5h). The most favorable diffusion path is from an
octahedral site to its neighboring octahedral site (Figure 5g,i),
with an energy barrier of 0.24 eV, lower than that of any other
paths (e.g., 0.74 eV from the tetrahedral site in the Na layer to
the vacancy site (Oy,,); Figure S17, Supporting Information).
Figure S18 (Supporting Information) shows the cycling
performance of Nay;[Mng;(Oupn)7]02. When it is cycled
between 1.5 and 4.4 V, the reversible capacity decreases from
220 to 150 mAh g! in 20 cycles due to electrolyte decompo-
sition at high voltages (=4.4 V). The cycling stability becomes
much better after the voltage window is tuned to 2.3-4.2 V; a
capacity retention of 100% is obtained in 45 cycles (Figure 1le).
As is demonstrated with the above characterizations, the charge
compensation within this voltage range is accomplished by
the redox reaction of the oxygen. Therefore, the improved
cycling performance in this narrowed voltage window fur-
ther shows, from the other side of the same coin, that the
charge compensation by the reversible oxygen redox reaction
and the flexible structure take an important role in utilizing

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Nay7[Mng 7(Opn) 1,710, as a promising cathode material for the
NIBs.

3. Discussion

A simple comparison on the structural characteristics of the
Li-rich manganese oxides (e.g., Li;MnO;) and the present
Nay7[Mng7(Opn)1/7]0, helps to understand the high struc-
tural stability and the reversibility of the oxygen redox reaction
in this material. Li,MnO; is an important building block
for the Li-rich oxide cathode material.'¥ Similar to the pre-
sent Nay;[Mng;(0uy)1/7]0,, the Mn ions in Li;MnO; cannot
be oxidized till the end of the initial charge (usually cutoff
at 4.8 V). Therefore, activation of Li,MnOj is realized by the
oxygen oxidation. However, the reversibility of the oxygen redox
reaction in Li,MnOj is very poor due to significant O, evolution
and Mn-ion migration, and the resultant structural degrada-
tion. In contrast, such structural and performance decay is not
observed in Na;[Mng7(Chn)1/7]02-

The basic structural unit in Li,MnO; is the symmetric
MnOjg octahedron, in which four of the Mn—O bonds have the
same length while the other two Mn—O bonds have another
length. There is no vacancy in the MnOg octahedron. There-
fore, no Li ions can be inserted in it. Different from Li,MnQOs3,
the lengths of all the six Mn—O bonds in the basic structural
unit of Nay;7[Mng7(0ym)1/7]02, the [Mng7(Oym)1/7]0, slab, are
different from each other and there exist periodic vacancies in
the Mn—O layer. The presence of the intrinsic vacancies makes
this unit deformed and a total of 0.57 Na f.u.™! can be inserted
(0.14 Na fu.™! inserted in the Mn—O layer and 0.43 Na fu.™
inserted in the Na layer) in Nay;[Mng;(Own)1,7]0, without
damaging its structural skeleton.

It is well known that the deformation of MOy (M = Mn and
Mo) octahedrons during (de)sodiation enhances the migra-
tion of the transition metal M, which in turn drives undesir-
able structural changes, leading to performance decay in
Li;MO;.38 Thanks to the presence of the native vacancies in
Nays[Mng7(0Opm)1/7]0,, the MnOg octahedrons are structurally
more robust and tolerant toward (de)sodiation because there
is more room for the rearrangements of the Na ions and the
neighboring MnOg octahedrons, yielding less additional distor-
tions to the [Mng7(Cn)1/7]O; slab. In other words, the native
vacancies in this material enhance the structural stability and
the reversibility of the oxygen redox reactions. The structural
analysis has shown that Nay;[Mng;(0ym)1/7]0, displays a
zero-strain characteristic upon Na-ion extraction or insertion,
up to 0.76 Na fu.”! (Figure 1). In contrast, Li;MnO; without
native vacancies experiences a layered to spinel-like structural
change upon Li removal.l Therefore, we believe that the pres-
ence of the ordered native vacancies in Nay;[Mng;(0wn)1,7)
O, can self-rregulate its deformation, enhance the structure
robustness, and improve the electrochemical reversibility.*!
In fact, there are many materials with native vacancies, such
as Liy7[Mng7(0pn)1,7]0,, which are expected to exhibit similar
structural robustness and aging resistance in electrochemical
applications. Thus, our work could have important impact on
future selection, design, and preparation of high-performance
cathode materials.
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4, Conclusions

In summary, a novel air-stable layer-structured Mn-based oxide
Nays[Mng7(Oym)1/7]0, was synthesized by a simple solid-state
reaction. Different from the traditional layered materials, this
material contains large amount of intrinsic periodic vacancies
in its [Mng;(0wmy)1/7]0, slabs. With these native vacancies,
it shows high structural flexibility and is zero-strain upon Na
extraction and insertion in the slabs as well as in the interlayers
between them. The above electrochemical evaluation, physical
characterization, and DFT calculations indicate that the pres-
ence of the intrinsic vacancies is key to achieving the highly
reversible O redox reaction in the material and its high struc-
tural stability. The intrinsic vacancies in the slabs, the vacancy-
induced uneven lengths of the Mn—Mn and Mn—O bonds
(or the asymmetric [Mng;(0yy)1/7]0, slab), and the charge
compensation by Mn redox reaction ensure the immobility of
the Mn and O ions and the structural robustness of the mate-
rial at low to middle charge voltages (3/7 Na fu.™! extracted/
inserted below 2.3 V). Above 2.3 V, when the charge compen-
sation by oxygen redox reaction become unavoidable, the pres-
ence of the vacancies in the Mn—O layer, the uneven lengths
of the Mn—Mn and Mn—O bonds, and the less Na extraction
(than in Li-rich Mn-based oxides) make it possible that the
oxygen does not need to provide so much charge compensa-
tion as in the general Li-rich oxide cathode (0.33 Na fu.”! for
Nay7[Mng7(0ym)1/7]0; vs 2.0 Li fu™ in Li;MnOs). The above
features assign Nay;;[Mng;(0ym)1/7]0, with excellent electro-
chemical performances as a cathode material for the NIBs,
delivering a high capacity of 220, 96 mAh g! of which is from
the oxygen redox reaction between 2.3 and 4.2 V. Therefore
the native Oy, vacancies in the Mn—O layer take critical roles
in enhancing the structural stability and the highly reversible
oxygen redox reactions in the Nay;[Mng;(Oyn)1/7]0;. These
findings provide new ideas on selecting and designing new
cathode materials with high capacity and structural stability.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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